Purpose: Leukemia inhibitory factor (LIF) is important for embryogenesis and implantation. We aimed to transfect LIF gene into the mouse endometrium. Materials and Methods: Expression plasmids carried LIF and luciferase genes for transfer. After superovulation, 100 ICR mice were mated with vasectomized mice. Then LIF-liposome (Group 1) and luciferase-liposome complexes (Group 2) were injected into their uterine lumen (Day 0). Endometrial LIF and luciferase expressions were detected by reverse transcriptionpolymerase chain reaction on Days 0-4 post gene transfer. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control to normalize the gene transfection. Results: LIF mRNA and luciferase activities reached the peak expression on Day 3. In Group 1, the ratios of LIF/GADPH on Days 1-4 were 0.414, 1.096, 1.162, and 0.782. In Group 2, LIF/GADPH on Days 1-4 were 0.24, 0.22, 0.35, and 0.32. Conclusions: Mouse endometrium could be effectively transfected with liposome-DNA mixtures. Endometrial LIF transfer via liposome may be effective in human.
INTRODUCTION
Implantation remains the "the last great frontier of reproductive biology." Numerous factors are related with the regulation of the endometrial function, including local growth factors or cytokines (1) (2) (3) . Cytokines have profound effects on endometrial function through the complex interactions of individual cytokines or other paracrine/autocrine factors in the endometrium (4) .
Specific cytokines are necessary for successful implantation. Leukemia inhibitory factor (LIF) plays a role in human reproduction (5, 6) . Females lacking a functional LIF gene are fertile, but their blastocysts fail to implant and do not develop (7) . This glycoprotein secreted by the endometrium during the implantation window is related with signaling between the endometrium and the blastocyst (8) . Our previous results demonstrated that the endometrial LIF expression was dependent on menstrual stages and cellular localizations (9) . Higher LIF expression level was observed in the endometrial epithelium during luteal phase.
Charnock-Jones et al. (10) were the first to demonstrate the feasibility of gene transfer of DNAliposome into the mouse uterine endometrium. The ability to regulate these genes by direct gene transfer raises the new research opportunities in altering the future therapeutic intervention. In the present study, an expression vector containing LIF cDNA was transfected via liposome into the mouse uterine cavity. To the best of our knowledge, this is the first report about the LIF gene transfer in vivo. This approach may provide an alternative remedy for patients with implantative failure.
MATERIALS AND METHODS
Mouse LIF (mLIF) cDNA was a gift kindly provided by Professor J. K. Heath (University of Oxford, United Kingdom) (11) . The cDNA of mLIF was cloned into a mammalian expression vector containing cytomegalovirus (CMV) promoter and SV40 polyA (Fig. 1) . A firefly luciferase gene was also cloned into a separate vector as a control to determine the gene expression in mouse endometrium by liposome transfection. The liposome used for gene transfection was from the GenePorter ™ transfection reagent (Gene Therapy Systems, San Diego, CA). These plasmids (5 µg/10 µL) were mixed with liposome (20 µL) at the volume ratio of 1:2, followed by incubation at room temperature for 30 min.
A total of 100 female ICR mice (6-8 weeks old) were administered intraperitoneally with 10 IU of pregnant mare serum gonadotropin (PMSG) for synchronization. Forty-eight hours after PMSG injection, the mice were mated with vasectomized ICR mice overnight. Twelve hours postmating, the status of pseudopregnancy was confirmed by the vaginal plugs (Day 0). The pseudopregnant mice were then divided randomly to two groups (50 mice in each group): Group 1 -LIF transfer; Group 2 -luciferase transfer. On the same day (Day 0), a laparotomy was performed and the DNA-liposome complexes (25 µL) were injected individually into the cavities of bilateral uterine horns. All mated female mice were housed individually before sacrifice.
All pseudopregnant female mice of the study and control groups were divided randomly into five subgroups (10 mice in each subgroup) and sacrificed at different time points: Day 0 (the day of laparotomy, After opening the abdominal wall and dissecting the fat and mesentery, the Y-shape uterus were excised. The endometrium was dissected out from the uterus and collected for further protein and mRNA extraction. The optimized conditions of gene transfer will be first set by several pilot tests. The proteins extracted from luciferase-transfected endometrium were subjected to luciferase activity analysis using a Luminometer (TD20/20, Promega, USA) to determine the liposome-mediated gene transfection efficiency. Expression levels of LIF and luciferase mRNAs in mouse endometrium were determined by reverse transcription-polymerase chain reaction (RT-PCR). Total RNA was extracted from 0.1 g of mouse endometrium by Trizol reagent (Life Technologies, USA) according to the manufacture's protocol. The primers used for RT-PCR to determine mLIF mRNAs were designed as follows: forward, 5 -GTGCCCTTACTGCTGCTGGTT-3 (25-45 nt of coding region); reverse, 5 -GGCTTG TTTGTCAGAGTGGTCG-3 (534-513 nt of coding region).
One microgram of total RNA was reverse transcribed using 2.5 µM oligo dT primers (Promega, USA), 1 mM of each dNTP, 20 U ribonuclease inhibitor (HT Biotechnology), and 5 U reverse transcriptase (RT) (HT Biotechnology) in RT buffer (25 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM DTT, and 5 mM MgCl 2 ) in a total reactive volume of 20 µL, at 39
• C for 60 min. In each PCR reaction, 3 µL of RT product were added to a final volume of 50 µL containing 10 mM Tris-HCl (pH 9.0), 1.5 mM MgCl 2 , 50 mM KCl, 0.01% Triton X-100, 0.001% gelatin, 200 µM of each dNTP, 0.5 unit of Taq DNA polymerase (HT Biotechnology), and 0.2 µM of each primer pair. For gene expression assay, PCR was carried out with 30 s denaturation at 94
• C, 45 s annealing at 60
• C, and 45 s extension at 72
• C for 30 cycles in a DNA thermal cycler (Perkin-Elmer/Cetus).
The GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as an internal control for normalization of LIF mRNA. The primers for GAPDH used in this study were as follows: forward, 5 -CTCTACCCACGGCAAGTTCAA-3 (144-164 nt of coding region); reverse, 5 -GGCA GGTTTCTCCAGGCGG-3 (753-735 nt of coding region). The PCR products of both groups on Days 1-4 post gene transfer were presented in Fig. 2 . Relative abundance of the PCR products was determined by gel electrophoresis followed by the densitometer analysis (Molecular Dynamics, Model: PD486-010, USA). The ratios of mLIF/GAPDH in each group can be an index to evaluate the gene expression of mLIF in mouse endometrium. Data were analyzed by Kruskal-Wallis test with Bonferroni multiple pairwise test. A p-value ≤ 0.05 was defined as statistically significant.
RESULTS
We examined the liposome-mediated gene transfer by evaluating the luciferase activity. Our data revealed that the mouse endometrium could be effectively transfected with liposome-DNA mixtures. Luciferase activity expressed as light unit per gram of protein on Days 0-4 post gene transfection were 61 ± 25, 407 ± 77, 2714 ± 438, 3267 ± 448, and 1211± 400 units, respectively (Fig. 3) . The gene expression levels of mLIF were increased significantly on Day 2 and reached the peak on Day 3 after mLIF transfection (Fig. 4) . In contrast, the endogenous mLIF expression was slightly increased 3 days after luciferase transfection into endometrium (Fig. 4) . The differences in mLIF expression levels at different time points were not due to unequal loading of RNA in RT-PCR process as suggested by equal amounts of GAPDH amplicons. To quantitate the increase of mLIF in luciferase-or mLIF-transfected endometrium, the mLIF amplicons were normalized with GAPDH. The relative ratio of mLIF/GADPH on Days 1-4 were 0.41 ± 0.10, 1.10 ± 0.13, 1.16 ± 0.23, and 0.78 ± 0.12 in the present LIF gene transfer, respectively (Fig. 4(A) ). In contrast to the absence of LIF gene transfer, the relative ratio of endogenous LIF/GADPH on Days 1-4 were 0.24 ± 0.04, 0.22 ± 0.05, 0.35 ± 0.03, and 0.32 ± 0.06, respectively (Fig. 4(B) ). This was significantly different between endometrium transfected with or without LIF ( p < 0.0001).
DISCUSSION
Leukemia inhibitory factor (LIF) is known to play an important role in embryogenesis (5) . LIFLIF has been shown to enhance in vitro blastocyst development in mice (12, 13) , in vitro blastocyst hatching in sheep, and increased pregnancy rates for in vitro cultured embryos transferred back into recipient ewes (14) . Currently, most researchers agree with the benefit of LIF for preimplantative stage of human embryogenesis (5, 15) . We have previously demonstrated that application of LIF enhances preimplantative embryogenesis, including blastocyst, expanded blastocyst, and hatching blastocyst states (5). Taking advantage of LIF in favoring the preimplantative embryogenesis, we developed the liposome-mediated gene transfer of LIF into the endometrium before the embryo reaches the uterine cavity, which might have some contribution for enhancing the implantative rates for patients with implantative failure. Gene therapy opened a new era for the future medication. Current applications of gene therapy for specific diseases included the cystic fibrosis (16), lung cancer (17), pancreas cancer (18), and contraception (10) . Routes for gene transfer include local transfer for special organs (intratracheal delivery (16) , muscle injection (19) , intrauterine injection (10)) and systemic transfer (intravenous, intraductal, intraarterial administration) (18, 20) . Endometrium has the comparable physical characteristics to the bronchiole, including their lumen space, secretory function, gland cells, and columnar epithelium.
Numerous methods used for gene transfer have been reported, including liposome (21, 22) , virusmediated transformation (23, 24) , calcium phosphate coprecipitation, electroporation, and lipofection (10) . Liposomes, the nonviral vectors, become increasingly popular for their easy application and low toxicity (7, 25) . In this study, we used liposomes instead of retroviral or adenoviral vectors as liposome is a safe, noninvasion, and acceptable vector for patients that permits repeated gene transfer.
A suitable animal model is necessary for understanding the paracrine regulation of endometrial function and the local gene expression. In this study, we observed that mouse endometrium is a suitable target for gene transfer. As demonstrated by luciferase activity, our results showed an efficient transfection rate by liposome-mediated gene transfer into mouse endometrium. This approach revealed a more efficient endometrial gene transfer than that reported by Charnock-Jones et al. (∼70%) (10) , and much better than the intratracheal gene delivery (<5%) (26) .
In this study, we observed a consistent level of endogenous LIF expression throughout the menstrual cycle. It suggested a low level of endogenous LIF activity during the preimplantative phase. Because most endometrial tissue is shed during menstruation, cyclic gene transfer and transfection at the basal cells of the endometrial glands are desirable to maintain the gene expression. Further refinements in cycles and tissue specific promoters could enhance the clinical feasibility in implantation. In this study, peak LIF expression is observed on Day 3 post gene transfer. For the synchronization between the LIF expression and the embryo implantation, the gene could be transferred on Day 2 postovulation. Therefore, 3 days posttransfer (Day 5 postovulation), the peak LIF expression might be beneficial for the embryo implantation. The gene transfer before blastocysts reaching the uterine cavity is another advantage not to disrupt their implantation.
In conclusion, mouse endometrium could be effectively transfected with LIF-liposome mixtures. This result suggests that human uterine cells may be amenable to transfection using the same liposome and vector system. This provides a new approach in enhancing the endometrial receptivity of women with idiopathic failure for implantation. More work is deserved to determine the functional efficiency of this system in both rodent and primate species. After these surveys, the DNA-liposome could be considered to be transferred vaginally during intrauterine insemination. Other essential cytokines for embryogenesis, such as epidermal growth factor, also deserve the further survey for their endometrial transfection.
